Egg production and consumption of eggs in China account for about 40% of the global total, and this constitutes a significant demand for water resources. The shortage of water resources in China means egg production in this country has serious water challenges. However, there are few studies concerning water use in egg production. In this study, the water footprint network (WFN) methodology was applied to analyze the water footprint (WF) of intensive egg production using a typical parent-stock layer breeder farm in North China as a model, which raises 208,663 layer breeders and produces about 2791.39 t eggs per year. The feed and water consumption over 353 days were collected for analysis, and the water footprint of chicken eggs was estimated at the farm level. The water footprint of eggs in a parent-stock layer breeder farm in China was therefore assessed in detail for the first time, and suggestions are put forward to reduce the egg water footprint from the perspective of the production chain and improving water use efficiency on the farm. The results show that (1) the green WF of eggs (water volume/egg weight) ranged from 1.917 to 2.114 m 3 /kg, the blue WF was 0.584 to 0.644 m 3 /kg and the grey WF was 0.488 to 0.538 m 3 /kg; (2) the indirect WF generated by feed contributed over 99.8% of the total; (3) eggs laid by Hy-line Brown hens have a lower WF than those from Hy-line Sonia hens, and the studied layer breeder farm had a higher WF than the global average based on the literature. In this paper, the variation of the WF was also analyzed, and some advice on water management for layer farms in China is provided.
Introduction
Global demand for livestock products is increasing with the growth of the world population, and the improvement of diets in developing countries is proving a challenge to the sustainable utilization of water resources. Livestock production has caused significant consumption and waste of limited freshwater, and this situation will continue in the future [1] [2] [3] . Water conservation in animal production is a critical issue for governments, producers and the public, which could be relieved by increasing animal production efficiency [4] . Economic development, contributing to the improvement of diets, tends to correspond to an increased demand for animal products, such as has occurred in China and Brazil [5, 6] . In China, water consumption related to food production has maintained an upward tendency due to a dietary shift towards more water-intensive animal products [7] . Water conservation in animal production is crucial for water sustainability and animal agriculture.
A scientific approach is essential for the study of water consumption in animal products. The water footprint (WF) is a comprehensive indicator of freshwater resource appropriation, alongside the traditional and restricted measure of water withdrawal, which was introduced by Hoekstra and Hung [8] . WF assessment was developed by the Water Footprint Network (WFN), and accounts for the green water (the volume of rainwater), blue water (surface and groundwater) and grey water (the volume of freshwater that is required to assimilate the load of pollutants) footprint; assessment of the sustainability of the WF and identifying response strategies [9] [10] [11] .
Much research in recent years has focused on the WF of animal products due to water assessment of the value chain of animal production, which concentrates on water saving. The high grey WF in swine production leads to environmental pollution [12, 13] , and in terms of dairy cows [14, 15] and sheep [16, 17] , changing the composition of feed and shifting the production system can reduce the water footprint. It has become clear that livestock and poultry products significantly contribute to water degradation and water scarcity [18] .
China's freshwater resources are indirectly influenced by egg production. The production quantity of eggs in China was 31,338,856 tons in 2017 [19] , and it is the largest contributor to global egg production, accounting for 29.2% of the global total [20] . China has a very limited per-capita water capability. The amount of water available per-capita is only one-quarter of the world's average level [21] . China's water resources are unevenly distributed, with severe water scarcity in the northern regions [22] , and yet the main feed crops producing areas are in the north. As the consumption of animal products increases, it will cause greater water stress in northern China. However, information on how much water is consumed per kilogram of eggs produced, which should be estimated and given to the public and water resource managers, is still limited. The WF of animal products varies largely, due to differences in farming systems and the species of animals [12, 23, 24] . Research studies on assessing water use of different species of laying hens in a parent-stock layer breeder farm are scanty. The published literature had assessed the WF of eggs in China, but their assessment was based on global averages rather than data obtained directly from the farm. Research on the water footprint of egg production could help managers, producers and consumers understand water use in all aspects of the value chain, and implement targeted water-saving measures to promote the water efficiency of the entire layer sector. Therefore, more reasonable and scientific ways of reducing the WF of eggs need to be considered.
The main objective of this study is to quantify the WF of the egg production chain, assess the local impacts resulting from water consumption and the differences in the WF of eggs laid by two species of laying hens. This study assesses the water footprint of eggs in China for the first time. Suggestions are put forward to reduce the egg water footprint from the perspective of the production chain and improving water efficiency in the farm, and case studies are used to improve the understanding of water footprint assessment methodology based on the WFN.
Materials and Methods

Information on the Farm
In this study, the WFN methodology was used as a tool with the objectives of accounting and assessing the WF of Chinese eggs in the parent generation. The unit of analysis was egg production from 2 July 2017 to 19 June 2018 (44,221,169 eggs).
The analysis was conducted from a life cycle perspective, including the green, blue and grey WF of the most relevant processes in the production chain of eggs, from feed production to animal production ( Figure 1 ). Some processes associated with egg production, such as constructing infrastructure and transportation of feed and chickens, contribute very little to the total WF, which justifies excluding them from the study. The laying hen farm involved in this research is located in Handan County, Hebei province, China. There are three areas on the farm: the living, production and waste treatment areas. A total of 208,663 chickens were raised in seven houses in the production area, including 183,186 laying hens and 25,477 males. Because the volume of wastewater is not monitored on this farm, this data could not be obtained.
Hy-line Brown and Hy-line Sonia chickens are employed on this farm. Hy-line Brown chickens were used in house A, house B and house C. Hy-line Sonia chickens were used in house D, house E, house F and house G. All the chickens were the same age and exploited on the same day. The laying period of the chickens in the seven houses was 110 to 461 days old, 108 to 459 days old, 106 to 457 days old, 103 to 454 days old, 98 to 449 days old, 91 to 442 days old and 85 to 436 days old, respectively. Automatic feed delivery systems were provided to deliver commercial fodder to the chickens. Drinking water was available from the nipple drinkers. The eggs were collected daily using automatic belts and moved to the egg-sorting room, where they were packaged in trays and boxes. Manure was moved to the end of each house via automatic manure belts under the cages.
After the productive life of the chickens, they are exhausted and sold. The economic value is the allocation key of the chickens' water footprint between eggs and chicken meat. The price of a breeding egg, one kilogram of female chicken and one kilogram of male chicken is 2 yuan RMB, 8.8 yuan RMB and 12 yuan RMB, respectively. The WF of eggs was corrected based on the economic value of the egg in this paper. The proportions of economic value of the eggs in the houses A to G are 95.7%, 95.5%, 96.5%, 95.3%, 95.3%, 96.3% and 95.2%, respectively.
The Water Footprint Network Methodology
The Water Footprint of Eggs
The WF of an egg was estimated following the calculation framework developed by Mekonnen and Hoekstra [23] . The WF of an animal product is the total water use during the process of production, including the WF of feed, drink and services, and is calculated as follows:
where WFfeed, WFdrink and WFserv represent the WF of feed, drinking water and service water consumption of an animal, respectively. Service water includes water used to clean the chicken houses and sustain the living area. The WF of feed consumed consists of the WF of all feed ingredients and the water used to mix the feed:
where Feedp represents the amount of feed ingredient p consumed by chickens during the period of The laying hen farm involved in this research is located in Handan County, Hebei province, China. There are three areas on the farm: the living, production and waste treatment areas. A total of 208,663 chickens were raised in seven houses in the production area, including 183,186 laying hens and 25,477 males. Because the volume of wastewater is not monitored on this farm, this data could not be obtained.
The Water Footprint Network Methodology
The Water Footprint of Eggs
where WF feed , WF drink and WF serv represent the WF of feed, drinking water and service water consumption of an animal, respectively. Service water includes water used to clean the chicken houses and sustain the living area. The WF of feed consumed consists of the WF of all feed ingredients and the water used to mix the feed:
where Feed p represents the amount of feed ingredient p consumed by chickens during the period of egg production (ton/y), WF prod the WF of ingredient p (m 3 /ton), WF mixing the water used for mixing the feed for chickens (m 3 /y/animal) and Pop the number of egg-producing chickens in a year. In this study, the feed did not need to be mixed. The calculation of WF drink and WF serv is as follows:
where WF proc is the process WF of drinking or service water (ton/y) and P is the production weight of eggs (ton/y).
Environmental Sustainability of the Water Footprint
The 'green water availability' (WA green ) in a region x in a certain period t is defined as the total evapotranspiration of rainwater from the land (ET green ) minus the evapotranspiration from land reserved for natural vegetation (ET env ) and minus the evapotranspiration from land that cannot be made productive:
The variable ET env is the 'environmental green water requirement' and refers to the quantity of green water used by natural vegetation in areas within the region that are to be reserved for nature, in order to preserve biodiversity and support human livelihoods that depend on the natural ecosystems. The variable ET unprod refers to evapotranspiration that cannot be made productive in crop production.
The level of green water scarcity in a region x in a period t is defined as the ratio of the total of green WFs in the region to the green water availability.
The 'blue water scarcity' in region x (WS blue ) is defined as the ratio of the total of blue WFs in the region (ΣWF blue ) to the blue water availability (WA blue ):
Data Collection
In this study, the data needed for analysis were the basic data of the farm, hydrological data, and maize yield. The basic data of the farm includes the hen number, male number, sex ratio, beginning day old of chickens, laying period, feed intake, egg production, and total water consumption of houses, which was all obtained from the farm. The main data that were required to calculate the WF of eggs includes the feed intake, egg production and total water consumption. A water meter was installed in one house, and the drinking water and other water consumption were together classified as the total water consumption of each house. The hydrological data and maize yield were obtained from the 2018 Statistical Yearbook of Jilin and Hebei.
Basic Data of the Farm
The basic data of the farm were based on process data from bookkeeping data and dialogue with property managers. Table 1 show basic data for the farm. The WF of the feed is a major part of the total WF of animal products. The amount of water consumed by growing feed crops is a source of green water. Therefore, it is necessary to estimate the WF of the feed. Data on feed intake was obtained from bookkeeping data. The components of the feed were maize, soybeans and some additives ( Table 2 ). The major WF is from maize and soybeans. Maize is produced in the north-eastern region of China (Jilin province). Data of the WF (blue, green and grey WF) of maize were obtained from a published paper [25] , which assessed the WF of maize planted in the Jilin province of China. The WF of soybeans was taken from the literature which estimated the green, blue and grey WF of crop products [26] . The data on additives could not be obtained, including some nutrients such as salt and sodium bicarbonate, which were not considered. 
Egg Production
The production quantity of animal products is a key part of estimating the WF of animal products. The egg production difference between Hy-line Brown and Hy-line Sonia chickens is not ignorable. Since the farm could only provide the quantity of egg production, the average weight of an egg laid by a Hy-line Brown was assumed to be 61.5 g [27] , and of an egg laid by a Hy-line Sonia was 60.1 g [28] in this paper.
Water Consumption
The water consumption of the farm includes water use of the production area and living area. Chicken drinking and cleaning processes are in the production area, and daily water use of workers is in the living area. Each house has only one water meter, so drinking water and cleaning water were considered together in the data, which counted towards the overall water use of the production area.
Results
The Green, Blue and Grey Water of Eggs
Green Water
The green WFs and the consumption of main feed ingredients were presented in Table 3 . Green water was consumed by feed. The average green WF of eggs was 2.018 m 3 /kg. Data in this table pointed out a variation of crop consumption from the two species of chickens. Maize and soybean produced in the house A had the greatest green water, followed by house F, house C and house G. The lowest green water of these crops was obtained with house D. Hy-line Brown chickens ate more feed than Hy-line Sonia chickens on average. However, the green WF was reversed. As can be seen, the green WF of eggs laid by Hy-line Brown hens (1.951 m 3 /kg) was lower than the eggs laid by Hy-line Sonia hens (2.068 m 3 /kg). It indicated that the production of one kilogram of eggs by Hy-line Sonia chickens required more consumption of feed. Blue water includes water for farms (production and living areas) and water for irrigated feed crops. The water in the living area was divided into seven parts on average, which are accounted for in the total water consumption. As can be seen from Table 4 , irrigation water accounted for the largest proportion, and this part of the water was still related to feed intake. The average blue WF of eggs was 0.615 m 3 /kg. House A had the greatest blue water, followed by house E and house D. It can be seen from the water consumption of the production area that differences of drinking water between the Hy-line Brown and Hy-line Sonia chickens were ignored. In fact, the blue WF of eggs laid by Hy-line Brown hens (0.595 m 3 /kg) was lower than the eggs laid by Hy-line Sonia hens (0.630 m 3 /kg). It indicated that the production of one kilogram of eggs by Hy-line Sonia chickens required more drinking water. 
Grey Water
The unavailable sewage data of the farm was not analyzed. All of the grey water came from the feed in our study. As was shown in Table 5 , the average grey WF of eggs was 0.531 m 3 /kg. The grey WF of eggs laid by Hy-line Brown hens (0.538 m 3 /kg) was higher than the eggs laid by Hy-line Sonia hens (0.526 m 3 /kg). It indicated that the production of one kilogram of eggs by a Hy-line Sonia chicken produced less pollution. Therefore, lower grey WF may not indicate less grey water. It was clear that due to the higher feed intake of Hy-line Brown, more grey water was produced during the growth of the feed crops. 
The Total Water Use of Eggs
As mentioned previously, the aim of the study was to assess the WF of eggs at the farm level in China and compare the WF of eggs laid by two chicken species. According to Mekonnen and Hoekstra [23] , the WF of eggs is lower than the other main animal products like pork, sheep meat and beef. In our study, the WF of eggs was estimated using the WFN method, a WF assessment modeling framework developed by Hoekstra [11] .
The WF of eggs varies slightly from chicken house A to chicken house G, which can be partly explained from the different consumption levels of the feed and egg production of the two species of chickens. Figure 2 illustrated the green, blue and grey WFs of the eggs coming from the seven houses are different. The green WF accounted for the largest percentage of the total WF, which was consistent with the findings of other studies [12] [13] [14] 16] . Eggs laid by Hy-line Brown chickens have a lower WF than that from Hy-line Sonia chickens on average. As mentioned previously, the aim of the study was to assess the WF of eggs at the farm level in China and compare the WF of eggs laid by two chicken species. According to Mekonnen and Hoekstra [23] , the WF of eggs is lower than the other main animal products like pork, sheep meat and beef. In our study, the WF of eggs was estimated using the WFN method, a WF assessment modeling framework developed by Hoekstra [11] .
The WF of eggs varies slightly from chicken house A to chicken house G, which can be partly explained from the different consumption levels of the feed and egg production of the two species of chickens. Figure 2 illustrated the green, blue and grey WFs of the eggs coming from the seven houses are different. The green WF accounted for the largest percentage of the total WF, which was consistent with the findings of other studies [12] [13] [14] 16] . Eggs laid by Hy-line Brown chickens have a lower WF than that from Hy-line Sonia chickens on average. 
Water Use of Two Species of Laying Hens
The differences between the water footprint of eggs produced by Hy-line Brown and Hy-line Sonia chickens were mainly caused by the lower egg production of the latter. The WF of eggs laid by Hy-line Sonia chickens was higher than Hy-line Brown chickens. Two factors contributed to this result. First, high death rates and easily increased stress levels resulted in the low egg production of Hy-line Sonia chickens. It was necessary to immunize the chickens, and laying hens got stressed or even died in this process, which reduced the overall egg production. Second, different ages between chickens on the date of entry resulted in a different time for laying eggs. Because the Hy-line Sonia chickens were younger than the Hy-line Brown chickens, the laying period of the Hy-line Sonia chickens was shorter. Due to the same culling time for all chickens, the Hy-line Sonia chickens therefore had a lower egg production than the Hy-line Brown chickens during the same period of time, which made the Hy-line Sonia's egg WF higher. The same date of entry and reduced death rates of layers would increase the egg production during the laying period, and would reduce the WF of eggs from this breed.
Sustainability of the Water Footprint of Eggs
Maize, the main ingredient of the feed, is produced in Jilin Province. The blue WF of the farm was from the local area. A sustainability assessment of the green WF of the maize and the blue WF of the farm was required. It can be seen from Table 6 that the green WF of the maize producing area was sustainable, while the blue WF of the location of the farm is not sustainable. Due to low per capita water resources, it was still necessary to improve the water use efficiency of this farm. 
Water Use of Two Species of Laying Hens
Sustainability of the Water Footprint of Eggs
Comparative Analysis between the Results and the Research Efforts around the World
This study highlighted the water use of egg production of two species of chickens at the farm level in China identified based on the WFN method. Three indicators (green, blue and grey WF) were compared with the results of research efforts around the world, and the limitations were analyzed.
The Water Footprint of Eggs
The results of this study can be compared with the results of the previous study. The first estimates made by Chapagain and Hoekstra [29] for the WF of eggs are very close to our results, although different in some aspects. As their study did not estimate the grey WF component, the green and blue WF can be compared between the two studies. They report a world average WF of eggs of 3.340 m 3 /kg, which is higher than our average estimate of 2.633 m 3 /kg. On the country level, they report a WF of 3.550 m 3 /kg in China, which is also higher than our results. The second study of the WF of eggs was a comprehensive publication with estimates of the WF of livestock and poultry products, with specifications for some major countries in the world, such as China, India, the USA, the Netherlands and the global average [23] . The data of these studies comes from FAOSTAT, and vary greatly from our estimates. In recent years, China has made progress in water conservation and in reducing the WF of animal products. However, in developed countries, such as the USA, the Netherlands and Japan, the WF of eggs is lower than that in China. Therefore, despite China's progress in recent years, a big gap when compared to developed countries still persists (Figure 3 ).
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A green and blue water scarcity of 100% means that the available green and blue water has been fully consumed. Scarcity values beyond 100% are not sustainable.
Comparative Analysis between the Results and the Research Efforts around the World
The Water Footprint of Eggs
The results of this study can be compared with the results of the previous study. The first estimates made by Chapagain and Hoekstra [29] for the WF of eggs are very close to our results, although different in some aspects. As their study did not estimate the grey WF component, the green and blue WF can be compared between the two studies. They report a world average WF of eggs of 3.340 m 3 /kg, which is higher than our average estimate of 2.633 m 3 /kg. On the country level, they report a WF of 3.550 m 3 /kg in China, which is also higher than our results. The second study of the WF of eggs was a comprehensive publication with estimates of the WF of livestock and poultry products, with specifications for some major countries in the world, such as China, India, the USA, the Netherlands and the global average [23] . The data of these studies comes from FAOSTAT, and vary greatly from our estimates. In recent years, China has made progress in water conservation and in reducing the WF of animal products. However, in developed countries, such as the USA, the Netherlands and Japan, the WF of eggs is lower than that in China. Therefore, despite China's progress in recent years, a big gap when compared to developed countries still persists (Figure 3 ). 
The Green Water Footprint of Eggs
It was found that the green water footprint accounted for the largest percentage of the total water footprint, and was higher than that of the Netherlands and the USA. This indicated that the ratio of feed used in the farm is unreasonable, there was a waste of feed in the eating process of the chickens and the feed conversion efficiency was lower than in other countries. In addition, due to the larger dependence on concentrate feed in breeding chickens, this intensification of animal production systems will result in increasing blue and grey WFs per unit of animal product [23] . More pressure will be put on the freshwater and the environment of China due to the increasing consumption of eggs. The major composition of the feed used on the farm studied is maize, which was grown in the northeast of China. Under the context of climate change and water scarcity, a larger amount of water is required to grow maize. Therefore, producing feed crops in areas that are rich in green water resources is an opportunity for the rationalization of water use in egg production.
The production of animal products has an impact on the water resources of the planting area. The green WF of the maize planting area is sustainable. However, the maize in the feed used by the 
The production of animal products has an impact on the water resources of the planting area. The green WF of the maize planting area is sustainable. However, the maize in the feed used by the farm is planted in Jilin Province, which is the main planting area of maize. As the demand for animal products increases, it will lead to more water shortages in Jilin Province. On the one hand, agricultural water use efficiency should be improved. On the other hand, the production should be appropriately reduced and the planting area of maize should preferably be moved to relatively water-rich areas. Increasing the productivity of green water is crucial in order to achieve optimum production, and increased production based on green water resources reduces the need for production with blue water resources.
The Blue Water Footprint of Eggs
The percentage of blue WF is higher than in other countries, which indicate greater use of crops that are irrigated. In our research, blue water accounted for a large proportion of the overall footprint, indicating that a large amount of water is consumed in irrigation in China. Low agricultural water use efficiency leads to excessive irrigation water. It is necessary to reduce water use in growing feed crops and to find alternative feed ingredients with low WF. The production area consumed a small amount of water. The water resources consumed in the production area were related to the local water resources. Therefore, reducing water waste in the farm and improving the efficiency of water recycling can alleviate local water scarcity.
Hebei Province, where the farm is located, is an area that is extremely short of water. Water resources in the region are not sustainable. The proportion of agricultural production should be reduced, especially for animal products, and water scarcity should be improved by importing water-intensive products. Farms in this area should increase water use efficiency, reduce waste of water resources and increase investment in water-saving equipment.
The Grey Water Footprint of Eggs
In terms of grey WF, our estimates are higher than the Netherlands, USA and global average. This shows that too much fertilizer is used in the crop growing, making the grey WF higher indirectly. And the grey WF of eggs is larger due to the higher egg production of Hy-line Brown hens. The grey WF could not be reduced by increasing production efficiency. On the one hand, less fertilizer should be used in the process of growing feed crops. And on the other hand, it is of great necessity to increase the intensity of wastewater treatment.
Limitations of the Water Footprint Indicators
The green WF does not distinguish between the blue and green water consumed by crop growth. The green WF is mainly from rainwater, and this is part of the ecological environment. When the rainfall exceeds evapotranspiration, the excess water will enter the groundwater and flow into rivers, and the green water will be converted into blue water. Because the green WF accounts for the largest percentage of the total WF of animal products, it is necessary to address this issue.
The economic value of water resources should be reflected by the blue WF. A part of the blue WF of animal products comes from water use on the farm. Water use is closely related to the operating costs of a farm or company. The blue WF accounting and economic evaluation model should be combined, so that the blue WF indicator better serves the farm and company. The blue WF results were calculated without considering the local water scarcity where water is consumed. Therefore, the blue WF of different studies could not be compared. A high blue WF in a water abundant region might not be problematic while a relatively small blue WF in a water-scarce region might cause severe damage. Local water scarcity should be evaluated in the future research.
The grey WF is not the actual water consumption. Some farms discharge untreated sewage, in which case there is no grey water. Therefore, the method of grey WF assessment needs to be optimized according to the actual conditions of the farm.
Conclusions
This study firstly assessed the WF of the Chinese egg production system using farm-specific data. We showed that an average of 3.147 m 3 of water is required to produce one ton of eggs in a parent-stock. The green WF of eggs ranged from 1.917 to 2.114 m 3 /kg, the blue WF was 0.584 to 0.644 m 3 /kg and the grey WF was 0.488 to 0.538 m 3 /kg. The vast majority of the WF of eggs came from an indirect WF, which was mainly caused by the cultivation of feed crops. The WF of feed represents 99.8% of the total volumetric WF of intensive egg production. In addition, the green WF accounts for the largest percentage of the total WF. This illustrated that water savings could be achieved by improving the water use efficiency of feed crops. Reducing the blue WF can be achieved by improving water management and adding water-saving equipment to the farm. Reducing dependence on fertilizers during the cultivation of feed crops can effectively reduce the grey WF. The WF assessment of egg production varied across chicken species, in that the eggs laid by Hy-line Sonia chickens had a higher WF. A same age at entry and a reduced death rate of layers could increase egg production during the laying period and reduce the WF of eggs in this breed. This research could be applied to other countries where has the same farming system and the species of chickens as our research.
For future research related to the WF of eggs, the following aspects should be considered. First, the WF of feed. The WF of crops can include an uncertainty factor of ±20%-30% [30] . Source of feed crops and feed compositions determine the WF of feed. Three compositions of feed were used during the period of egg production in this farm, however the details of only one could be obtained. The source of feed is another uncertainty since the WF of feed varies largely according to its origin. Second, a study on the quantitative analysis of the wastewater and the use of metals and antibiotics in poultry production needs to be carried out to provide basic data for the improved calculation of the grey WF. Finally, the WF of the transportation of the feed crops should be taken into account. 
